Sex determination pathways evolve rapidly, usually because of turnover of master regulatory genes at the top of the developmental pathway. Polygenic sex determination is expected to be a transient state between ancestral and derived conditions. However, polygenic sex determination has been observed in numerous animal species, including the house fly, Musca domestica. House fly males carry a male-determining factor (M) that can be located on any chromosome, and an individual male may have multiple M factors. Females lack M and/or have a dominant allele of the Md-tra gene (Md-tra D ) that acts as a female-determining locus even in the presence of multiple copies of M. We found the frequency and linkage of M in house flies collected in Chino, CA (USA) was relatively unchanged between 1982 and 2014. The frequency of females with Md-tra D in the 2014 collection was 33.6% (n = 140). Analysis of these results, plus previously published data, revealed a strong correlation between the frequencies of Md-tra D and multiple M males, and we find that these populations are expected to have balanced sex ratios. We also find that fitness values that allow for the invasion and maintenance of multiple sex determining loci suggest that sexually antagonistic selection could be responsible for maintaining polygenic sex determination in house fly populations. The stability over time and equilibrium frequencies within populations suggest the house fly polygenic sex determination system is not in transition, and provide guidance for future investigations on the factors responsible for the polymorphism.
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) that acts as a female-determining locus even in the presence of multiple copies of M. We found the frequency and linkage of M in house flies collected in Chino, CA (USA) was relatively unchanged between 1982 and 2014. The frequency of females with Md-tra D in the 2014 collection was 33.6% (n = 140). Analysis of these results, plus previously published data, revealed a strong correlation between the frequencies of Md-tra D and multiple M males, and we find that these populations are expected to have balanced sex ratios. We also find that fitness values that allow for the invasion and maintenance of multiple sex determining loci suggest that sexually antagonistic selection could be responsible for maintaining polygenic sex determination in house fly populations. The stability over time and equilibrium frequencies within populations suggest the house fly polygenic sex determination system is not in transition, and provide guidance for future investigations on the factors responsible for the polymorphism. . Md-tra D has been reported in populations from Africa, Asia, Australia, Europe, and North America (Hamm et al. 2015) . The sequence of Md-tra and the lesions in Md-tra D were reported in 2010 (Hediger et al. 2010) , but the sequence of M remains elusive.
There is substantial geographical variation in the frequency of Md-tra D and the linkage of M factors on both local and global scales (Hamm et al. 2015) . For example, the frequencies of SC M and A M differ across populations in Japan (Hiroyoshi 1964; Tsukamoto et al. 1980; Wada 1989a, 1989b) . This spatial heterogeneity is surprising given there is evidence for gene flow between populations on a limited regional scale (Scott et al. 1989; Krafsur et al. 2005) .
Thus, there appears to be some local adaptation of sex determining genotypes, which is potentially responsible for the stability of polygenic sex determination in house fly (Hamm et al. 2015) .
Within North America, the linkage of M has been reported from Florida (FL), Maine (ME), New York (NY), North Dakota, and Texas (McDonald et al. 1975; Hamm et al. 2005; Hamm and Scott 2008) , and a cline was found along the eastern USA (males carry SC M in the north and III M in the south) (Hamm et al. 2005 ). There are no published reports of the frequency of A M in western North America. There is only one report of Md-tra D in North America, and it was estimated to be at a low frequency (at least 4% of the females in a North Carolina [NC] population) based on crossing analyses without molecular genotyping (Hamm and Scott 2008) .
Herein, the linkage of M in house flies from Chino, CA in 1982 and 2014 are reported. By sampling this population 32 years apart (approximately 540 generations), we are able to evaluate whether the frequencies of M factors are stable over time. We additionally genotyped the Md-tra locus in females from the Chino population, 3 other North American populations in which the frequency of M factors in males had been previously measured (Hamm et al. 2005; Hamm and Scott 2008) , and 5 additional populations where the frequencies of M factors are unknown. Our results allow us to test whether the different male-and female-determiners have reached stable equilibria and to identify fitness parameters that can explain the invasion and maintenance of the polymorphism.
Materials and Methods

House Fly Strains
We estimated the frequency of M factors in 2 collections from Chino, CA. Chino1982 flies were collected in October 1982 from a dairy in Chino, CA, an area that had been subjected to heavy use of insecticides during the prior 4 decades (Meyer et al. 1987) . Field collected males were used to determine the linkage of M in experiments that were conducted in 1982. Chino2014 flies were collected in October 2014 from a dairy in Chino, CA. The dairy originally used in 1982 was no longer in business, but we were able to collect flies from a neighboring dairy. Flies from this collection were allowed to oviposit, and pupae were sent to Cornell. Males and females that emerged from these pupae were used to determine the linkage of M and the Md-tra genotype, respectively.
Three strains with X/SC M males and X/X females were used to genotype the linkage of M in the 2 Chino collections. The aabo strain contains the visible mutant markers ali-curve (ac), aristapedia (ar), brown body (bwb) , and ocra-eye (ocra) on autosomes I, II, III, and V, respectively. The aay strain contains the visible mutant markers ac, ar, and yellow eyes (ye) on autosomes I, II, and IV, respectively. The aabys strain has visible recessive markers ac, ar, bwb, ye, and snip wings (snp) on autosomes I, II, III, IV, and V, respectively. Males of the aabys strain are XY (Hardstone MC and Scott JG, unpublished) . The aabo and aay strains were used for linkage analysis of M in 1982, because the aabys strain was not yet available. The aabys strain was used to genotype the males in the 2014 collection.
All flies and larvae were kept at 28 °C with a 12:12 h light:dark photoperiod. House fly larvae were reared on medium made with 1.8 L of water, 500 g calf manna (Manna Pro Corp, St. Louis, MO), 120 g bird and reptile litter wood chips (Northeastern Products Corp, Warrensburg, NY), 60 g dried active baker's yeast (MP Biomedicals, Solon, OH), and 1210 g wheat bran (Cargill Animal Nutrition, Minneapolis, MN). Adult fly colonies were kept in nylon mesh cages (35.6 cm × 25.4 cm × 26.7 cm) provided with a 1:1 mix of sugar and powdered milk and water ad libitum. House flies that had been collected from NC in 2007 (Hamm and Scott 2008) , NM, MT, and MN in 2008 , FL and NY in 2009 (Scott et al. 2013 were from samples that had been stored at −78 °C.
Linkage of M in Chino1982
The linkage of M was determined as described previously (Tsukamoto et al. 1980 ) with modifications. Individual Chino1982 males were crossed to a single unmated (isolated within 8 h of emergence) aabo female. A ratio of 1:1 males:females in the F 1 suggests that the parental male carried a single copy of M in his genome. To determine the linkage of M, 5 replicate backcrosses were set up from the F 1 male progeny of each single-pair mating with a 1:1 sex ratio (F 1 male × aabo female). If the F 1 sex ratio was not 1:1, then 20-30 backcrosses were set up (F 1 male × aabo female). Backcrosses were named for the male used. For example, male #16-17 represents the seventh F 1 male from Chino1982 male #16 × aabo female. The emerging backcross progeny were phenotyped to determine if any of the markers co-segregated with sex, as described previously (Tsukamoto et al. 1980) . If co-segregation of markers and sex was not fully explained in the above backcross progenies, then each male progeny from the backcross was singly crossed with an aay female and then F 1 males were backcrossed to aay females to check for linkage of M with chromosome IV. Select male backcross progeny that did not have linkage of M to an autosome (i.e., male could have carried Y M or X M ) were karyotyped (Tsukamoto et al. 1980 ). All of these experiments were conducted in 1982 and have not previously been reported.
Linkage of M in Chino2014
Individual males from the Chino2014 collection were crossed to 3 unmated aabys females, and the F 1 male progeny were individually backcrossed to 3 aabys females as described previously (Hamm et al. 2005) . If the sex ratio of the F 1 was 1:1, then 3 F 1 males were used for backcrosses to map the chromosomal location of the M factor. If the sex ratio was not 1:1 (i.e., the wild-caught male probably had >1 M factor), then 6-12 F 1 males were used for backcrosses to map the M factors. F 1 males carrying an A M chromosome were identified by having all female backcross progeny displaying a specific mutant phenotype. For example, if bwb (on autosome III) females were found in the back cross, but no bwb males were found, we concluded that M is linked to autosome III. Similarly, males carrying a Y M or X M chromosome (SC M ) were identified by the lack of association between sex and any of the autosomal markers.
Frequency of Md-tra D
We determined the frequency of Md-tra D in females from the Chino2014 collection, and from previous collections (2007) (2008) (2009) in NC (Hamm and Scott 2008) , FL, NC, NY, Kansas (KS) Nebraska (NE), Minnesota (MN), Montana (MT), and New Mexico (NM) (Scott et al. 2013) . The frequency and linkage of M has been reported from NC (2007; Hamm and Scott 2008) , FL (2002) , and NY (2002) populations (Hamm et al. 2005) . Flies from the 2002 collections FL and NY were no longer available, so flies from the 2009 collections were used.
We genotyped individual females using a diagnostic 38 bp deletion present only in the Md-tra D haplotype (Hediger et al. 2010; Scott et al. 2014) . DNA was extracted from heads or thoraces plus heads from individual female house flies. The samples were homogenized in a 2 mL plastic tube (Starstedt, Newton, NC) containing 0.4 mL of buffer (0.1 M Tris-HCl (pH 7.5), 0.1 M EDTA 0.1 M NaCl, and 0.5% sodium dodecyl sulfate). Depending on the sample, we either performed the homogenization with ten 2.3 mm Zirconia silica beads (Biospec Products, Bartlesville, OK) using a FastPrep-24 (MP Biomedicals, Santa Ana, CA) at top speed for 20 s or ground them using a hand-held motorized pestle. Samples were then incubated on ice for 10 min followed by 65 °C for 30 min. 0.8 mL of LiCl (4.3 M) + potassium acetate (1.4 M) was added, mixed, and reactions were centrifuged at 14 000 × g for 10 min. The supernatant was removed to new 1.7 mL tubes (Laboratory Product Sales, Rochester, NY) and the DNA was recovered as a pellet using 0.57 mL isopropanol and 14 000 × g centrifugation for 10 min. The pellet was washed in 0.5 mL of 70% EtOH by vortex, centrifugation at 14 000 × g for 30 s, removal of the supernatant, and air drying for 3 min. The pellet was resuspended in 50 μL of nuclease free water (Promega, Madison, WI).
We performed PCR using a primer pair that amplifies a region of exon 3 of the Md-tra gene containing the diagnostic deletion (forward primer: GCAACGCAAGACGTATTAACCAG; reverse primer: CCTATTGGTTTTGGCTGTCC). PCR products were run on a 2% agarose gel along with Invitrogen 1 Kb Plus Ladder (Life Technologies, Grand Island, NY), stained with GelRed (Biotium, Hayward, CA), and visualized on a NucleoTech ultraviolet gel imager. Individual females with a single band at 277 bp were scored as homozygous for the Md-tra + allele, and females with a band at 277 and 239 bp were scored as Md-tra + /Md-tra D heterozygotes. A band of PCR product that ran slightly slower than the Md-tra + allele was detected in some PCR products. We extracted 4 independent samples of this "long" band from agarose gels using the QIAquick Gel Extraction Kit (QIAGEN). Each gel extracted PCR product was cloned into a pGEM-T Easy vector, and JM109 competent cells were transformed with the recombinant plasmids (Promega). Bacterial colonies were used as templates for PCR with the M13 forward and reverse primers to amplify the cloned sequences. PCR products with the appropriate size band were sequenced by Lone Star Labs (Houston, TX) using BigDye TM Terminator v3.1 reagents and an Applied Biosystems 3730xl sequencer. allele frequencies in the Chino2014, NC, and NY populations are near stable equilibria that produce balanced sex ratios. The initial male genotype frequencies were taken from our estimates in each population. The initial frequencies of Md-tra + homozygous females (which must also be X/X; III/III) were determined by the observed Md-tra genotype frequencies in each population. (Hamm 2008; Supplementary Material) . We performed the simulations both with equal numbers of males and females in the initial population and with skewed starting sex ratios. These simulations were performed using the R statistical programming environment (R Development Core Team 2015).
To estimate the selection coefficients required to produce the observed allele and genotype frequencies, we used forward simulations to test how well fitness values assigned to each multilocus genotype resulted in allele frequencies that matched those observed in natural populations. The simulations were performed using the same recursion equations described above, but with the additional step of multiplying the 18 multilocus genotype frequencies by a vector of fitness values each generation prior to random mating (Supplementary Material). The fitness values for each genotype in each simulation were selected from a uniform distribution between 0 and 1 (inclusive).
We used 3 different initial genotype frequencies in our simulations to identify genotype fitness values that robustly produced the observed allele frequencies. First, we performed 9 135 000 simulations, each for 1000 generations, with populations that started with a low frequency of III M and Md-tra D to test if the fitness values allow for the invasion of those 2 alleles (49% X/X; Md-tra + females, 49% X/SC M ; III/III males, 1% X/X; III M /III; Md-tra D /Md-tra + females, and 1% X/X; III M /III males). Although these simulations only sample a small subset of the possible multilocus genotype fitness values, they provide a random sample of the possible fitness parameters that could explain the invasion and maintenance of polygenic sex determination in the house fly.
From these simulations, we selected only the fitness vectors that resulted in the maintenance of polymorphism at all 3 loci/chromosomes (SC, III, and Md-tra). We then evaluated how well the remaining fitness vectors produced allele frequencies that matched those observed in natural populations by calculating the mean squared error (MSE) between the simulated and expected frequencies of the X chromosome, standard chromosome III, and Md-tra + allele. We selected the fitness parameterizations that resulted in the lowest 0.1% MSE between observed and expected allele frequencies for each of the Chino2014, NC, and NY populations (1838 fitness vectors). We found that 1000 generations is sufficient time for an initial evaluation of the fit of the fitness vectors because the MSE between the allele frequencies at 900 and 1000 generations was close to or equal to 0 for nearly all tested fitness values.
We repeated the simulations using the best fitting fitness parameters for 5000 generations, and we additionally performed simulations for 5000 generations with 2 other starting allele frequencies: females, and 49% X/X; III M /III males); 2) uniform frequencies of all 18 possible genotypes. We selected only the fitness vectors that resulted in the maintenance of polymorphism at all 3 loci/chromosomes for all 3 starting conditions after 5000 generations. We then calculated the average MSE across all 3 starting conditions, and we sorted the parameterizations by average MSE. We identified the first parameterization with an MSE >10× of the average up to that point, and we selected all parameterizations with an MSE less than that one as the best fitting for that particular population.
We also performed simulations where multilocus genotype fitness values were determined from the fitness values of individual alleles (Supplementary Material). In these simulations, selection coefficients for SC M , III M , and Md-tra D were assigned a random value between −1 and 1 (with the non sex-determining allele/chromosome assigned a value of 0). Different selection coefficients were assigned to the alleles in males and females. We assumed additive interactions between fitness values within a locus and between loci to calculate the fitness of each multilocus genotype. These multilocus genotype fitness values were then normalized to range between 0 and 1. Over 800 000 fitness vectors were evaluated as described above to determine how well the allele frequencies after 5000 generations matched those observed in each of the Chino2014, NC, and NY populations. All simulations and analyses to identify the best fitting fitness values were performed using a combination of R, Python, and Perl scripts, available at Dryad (doi: 10.5061/dryad.f6mb0).
Results
Linkage of M in 1982
We genotyped 27 Chino1982 males by first crossing them with an aabo female. The F 1 male progeny were then backcrossed to aabo females to determine the linkage of M. If the linkage of M could not be unambiguously assigned, then males from the backcross were individually crossed to aay females, and the F 1 males were backcrossed to aay females to test if M was linked to autosome 4 (i.e., sex-linked inheritance of ye). In the results detailed below, we conclude that our Chino1982 collection consists of 2 males that were XY M , 15 additional males that were heterozygous for M on a sex chromosome (e.g., X/SC M ), 3 males with one M factor on a sex chromosome plus one on the third chromosome (X/SC M ;III/III M ), 5 males that were homozygous for M (linkage was not determined), and 2 males that were heterozygous for at least 3 M factors. We did not detect any IV M males. A sex ratio of 1:1 female:male was observed in the F 1 progeny of 17 Chino1982 males, suggesting that those 17 males had a single M factor (Table 1) . We observed normal (1:1) sex ratios in the backcross progeny of all 17 males as well (data not shown). There was no evidence of co-segregation of the morphological autosomal markers and sex in the backcross progeny, indicating all 17 of these Chino1982 males were X/SC M . We examined the karyotypes of F 1 males from 2 crosses (male #11 × aabo female and male #18 × aabo female), and both had a Y chromosome, indicating Chino1982 males #11 and # 18 were XY M . By inference, we hypothesize that the other 15 Chino1982 males that produced a 1:1 sex ratio in the F 1 were also X/Y M (as opposed to X/X M ), but we can only say for certain that those 15 males were X/SC M .
Three Chino1982 males (#13, 15, and 16) produced F 1 offspring with a 1:3 female:male ratio (Table 1) , suggesting these males were heterozygous for M on 2 chromosomes. The following results of backcrossing the F 1 male progeny to aabo females demonstrate that these 3 Chino1982 males were X/SC M ;III/III M . First, when some of the F 1 males were crossed to aabo females, there was a 1:1 female:male sex ratio and no association of any of the autosomal mutant markers with sex (e.g., shown in Supplementary Table 1) . We, therefore, conclude that these F 1 males were XY M , and we confirmed the presence of a Y chromosome by karyotyping male offspring from one of the backcrosses (aabo female × F 1 male [aabo female × male #16]). Second, in some of the other backcrosses, all females were bwb and all males were wild type (e.g., shown in Supplementary Table 1 ). This segregation clearly indicates that these F 1 males carry a single III M chromosome. In a third group of backcrosses, bwb flies were both male and female, whereas all nonbwb flies were males (e.g., shown in Supplementary Table 1 ). The sex ratio of bwb flies was nearly 1:1, and the ratio between nonbwb and bwb flies was also 1:1. These results indicate that these F 1 males were heterozygous for 2 male determining factors (X/SC M ;III/ III M ). The 3 different genotypes found in these F 1 males leads us to conclude that the 3 Chino1982 males (#13, 15, and 16) were X/ SC M ;III/III M (Supplementary Table 2 ). Two Chino1982 males (#12 and 26) produced a female to male ratio of 1:9 suggesting the presence of ≥3 heterozygous M factors (Table 1) . Linkage analysis was not undertaken for these flies, but the F 1 progeny of Chino1982 male #26 were backcrossed to aabo females and the sex ratios of the backcross progeny were scored. The resulting progeny of these replicate backcrosses showed female:male sex ratios of 1:1 (n = 6), 1:3 (n = 2), or >87% male (n = 2) (Supplementary Table 3 ). Thus, Chino1982 male #26 contained 3 M factors with at least 2 on different autosomes.
Five of the Chino1982 males produced only male offspring, indicating they were homozygous for M (either SC M or A M ). Complete linkage analysis was not undertaken for all of these males, but F 1 male offspring of 1 Chino1982 male (#3 in , although other possibilities cannot be ruled out. We also backcrossed the F 1 male progeny of one other Chino1982 male (#14) who had an all-male F 1 progeny, and we scored the sex ratios (but not markers) in the backcross progeny. Three different female:male sex ratios were observed in the backcross progeny: 1:1 (n = 6; single M factor), 1:3 (n = 3; 2 M factors on different chromosomes), and >87% male (n = 3; 3 M factors on different chromosomes (Supplementary Table 4 
Linkage of M in 2014
We scored the progeny of 54 crosses between aabys females and single Chino2014 males. Of those 54 crosses, F 1 males of 50 were successfully backcrossed to aabys females so that we could determine the linkage of M (Table 2) . Using the results detailed below, we concluded that, of those 50 Chino2014 males, 39 were heterozygous for M on a sex chromosome (X/SC M ;III/III), 5 were homozygous for M on a sex chromosome (SC M /SC M ;III/III), 4 were heterozygous for M on the third chromosome (X/X;III/III M ), and 2 carried M on 1 sex chromosome and M on 1 copy of the third chromosome (e.g., X/ SC M ;III/III M ). We observed a 1:1 sex ratio in the F 1 progeny of 44/54 Chino2014 males (Table 2 ). When these F 1 males were backcrossed to aabys females, autosomal mutant markers were not associated with sex in backcrosses originating from 38/44 Chino2014 males (data not shown). We conclude that these 38 Chino2014 males were X/SC M (either X/Y M or X/X M ). In backcrosses originating from 4 of the 44 Chino2014 males, all of the female backcross progeny had the bwb mutant phenotype, whereas all of the males were wild type. We therefore conclude that these 4 Chino2014 males were X/X;III/III M . Backcrosses originating from 2 of the 44 Chino2014 males did not produce enough offspring to have the linkage of M determined; we hypothesize that those Chino2014 males carried a single copy of M on either a SC or III.
One of the Chino2014 males (#18) produced 64% male offspring (i.e., not clearly the expected 1:1 or 1:3 ratio). Backcrossing revealed that the F 1 progeny from this Chino2014 male all carried on M on a sex chromosome, suggesting the original male was X/SC M (bringing the total count of X/SC M males to 39) and that the deviation from 50% males in the F 1 was due to chance.
Three of the 54 Chino2014 males produced 75% male offspring. Backcrossing results revealed that 2 of these Chino2014 males were X/SC M ;III/III
M . An insufficient number of backcross offspring were produced to genotype the third Chino2014 male. Five of the 54 Chino2014 males produced only (>99%) male offspring when crossed to aabys females. We conclude that these 5 Chino2014 males were SC M /SC M because none of the autosomal markers were associated with sex in the backcross progeny (e.g., Supplementary Table 5 shows results for the backcross progeny of male #25).
Changes in Genotype and Allele Frequencies in Chino from 1982 to 2014
No large changes were found in the frequencies of the different male genotypes between 1982 and 2014 ( Table 6 ). Applying a likelihood ratio goodness of fit test to these data demonstrates that there has not been a significant change in genotype frequencies in the Chino population from 1982 to 2014 (G adj = 4.217, P = 0.121). We also used a 2-tailed z-test for differences in proportions to assess whether the frequencies of the SC M and III M alleles changed from 1982 to 2014. In the case of both alleles, the frequencies did not significantly differ between the 2 sampling time points (SC M : z = 0.871, P = 0.384; III M : z = 0.784, P = 0.433). Results from the 1982 data indicate that males #12 and 26 had an undefined A M on I, II, IV, or V. No such males were found in 2014. It is unclear if this is due to a change in the population or simply that this rare linkage of M was not captured in our 2014 sample.
There are some uncertainties within the dataset, primarily associated with differentiating X M vs Y M , which can only be done via karyotypes. From the 1982 population 2 males, which had no linkage of M to an autosome, were karyotyped and both contained a Y chromosome. We hypothesize that the other SC M identified were also Y M , but we cannot rule out the possibility that some males in 1982 carried X M . Between 1982 and 2014, it is possible that there could have been shifts in the frequency of X M versus Y M males that we were unable to detect. Figure 1A ). The frequency of the Md-tra D allele is therefore 16.8% in Chino females. Females from 7 other states were also genotyped, and the frequency of females carrying Md-tra D ranged from 0 (FL and MN) to a high of 66.7% in MT ( Figure 1A , Supplementary Table 7) . There are multiple Md-tra + haplotypes (Hediger et al. 2010; Scott et al. 2014) , and a previously undescribed allele of Md-tra + containing a 19 bp insert was observed in 5 states (FL 4.0%, KS 8.3%, NM 2.3%, NY 2.0%, and NC 5.9%; Supplementary Table 7) . The 19 bp insert adds an extra Tra/ Tra2 binding site within exon 3 of Md-tra (GenBank Accession # KU320626). We also genotyped males from the Chino2014 collection (n = 90), FL (n = 47), NY (n = 46), and NC (n = 109) and they were all homozygous Md-tra + , demonstrating that our PCR assay has a very low false positive rate for detecting Md-tra D alleles. Zero, 2, 1, and 12 of the males from Chino2014, FL, NY, and NC collections had Md-tra + with the 19 bp insert. To evaluate if there is a correlation between the frequency of Md-tra D and males with multiple copies of M, we used our data and published measurements of the frequencies of Md-tra D and M factors from populations where both had been measured (Tomita and Wada 1989b; Hamm et al. 2005) . We fit a linear model to the relationship between the percent of females carrying Md-tra D and the percent of males with >1 copy of M in their genome (multi-M) ( Figure 1B ).
House Fly Polygenic Sex Determination Maintains Balanced Sex Ratios
We performed forward simulations to determine whether the allele frequencies we observed in the Chino2014, NC, and NY populations are at stable equilibria that produce balanced sex ratios. We initiated the simulations with the genotype frequencies we observed in males and the observed frequencies of allele remained stable throughout the simulations in each population, and the equilibrium frequencies closely matched the observed frequencies (Figure 2 ). Similar equilibrium allele frequencies were obtained if we started the simulations with a female-biased or malebiased sex ratio (Supplementary Figure 1) . In all cases, the observed and equilibrium allele frequencies produced balanced sex ratios (1:1 female:male). Equilibrium genotype frequencies also closely matched the genotype frequencies we estimate for each population, regardless of the starting sex ratio (Supplementary Figure 2) .
Genetic Drift and the Loss of Polygenic Sex Determination
The previously described simulations demonstrate that the observed polymorphisms will be maintained in a randomly mating population without natural selection, but genetic drift is expected to eventually lead to the fixation of 1 allele at each locus in a finite population (van Doorn 2014). To estimate the time-scale of fixation by drift, we calculated the expected time to loss of the III M chromosome and Md-tra D allele in the Chino2014, NC, and NY populations in the absence of any selection (Kimura and Ohta 1969) Figure 3) . This could be <100 years if there were 17 generations per year (our estimate of generations per year based on empirical observations). Moreover, the probability that III M will be lost from the Chino population within 10 4 generations with N e = 10 4 is 0.931 (Ewens 2004, equation 5.15) . With N e = 10 5 , it is expected to take ≤1000 years to lose III M or Md-tra D (Supplementary Figure 3) . These calculations assume that the loci are autosomal (Kimura and Ohta 1969) , which is approximately true for the III M chromosome because it can be inherited by both females and males (although it is more likely to be found in males). However, the fixation times for autosomal alleles will be greater than sex-linked alleles because of the larger N e of the autosomes, so our estimates provide an upper bound for the expected time to fixation.
Simulations to Assess Fitness Parameters Required to Maintain Polygenic Sex Determination
If the genotypes confer differences in fitness, natural selection could maintain polygenic sex determination in a finite population. To identify fitness values that allow for the invasion and maintenance of the polymorphism, we performed >9 million forward simulations with randomly chosen vectors of multilocus genotype fitness values and selected the fitness parameterizations that produce allele frequencies similar to those observed in the Chino2014, NC, and NY populations. We also performed >800 000 simulations where multilocus genotype fitness values were determined by selection coefficients randomly assigned individual alleles that interact additively both within and between loci. We considered 3 possible starting genotype frequencies in these simulations.
We selected the best fitting genotype fitness values for each population based on how well they produced allele frequencies observed in the Chino2014, NC, or NY population (Supplementary Figure 4) . The best fitting parameterizations for each population produced allele frequencies that converged on the target allele frequencies regardless of the initial allele frequency used in the simulation (Supplementary Figure 5) , but the best fitting multilocus genotype fitness values assigned at the genotype level fit significantly better than when we assign selection coefficients to alleles (Supplementary Figure 6) . However, this test is limited because the genotype level fitness values have more parameters and are therefore more likely to produce a better fit. The sex ratio is female-biased in the best fitting parameterizations from each population (median 50-54% female in each population), regardless of the initial allele frequencies (Supplementary Figures 5 and 7) . However, when we remove the selection pressures from the populations and allow them to evolve with only random mating, the sex ratio equilibrates and the allele frequencies remain at their target values (Supplementary Figure 5) .
The best fitting multilocus genotype fitness vectors assigned at the genotype level are not well correlated with each other (Supplementary Figure 8) , demonstrating that a broad diversity of fitness values is capable of maintaining the polymorphisms. In contrast, when we consider genotype fitness values determined by selection coefficients assigned to individual alleles, most of the best fitting multilocus genotype fitness vectors are very well correlated (Supplementary Figure 8) . However, a principle component analysis of the genotype fitness vectors determined by selection coefficients assigned to alleles revealed that many of the best fitting values for the Chino2014 population are unique from those for the NC and NY populations (Supplementary Figure 9) . No such clustering of fitness vectors is observed when fitness values are assigned directly to multilocus genotypes (Supplementary Figure 9) .
If inter-sexual antagonism maintains the sex determination polymorphism in house fly, the inter-sexual correlations in genotype fitness should be negative (Chippindale et al. 2001) . To test this hypothesis, we calculated the intersexual correlations for the best fitting multilocus genotype fitness vectors in each population. Males and females were considered to have the same multilocus genotype if they have the same SC and third chromosome genotype, but only differ in their Md-tra genotype. We first examined fitness values assigned at the genotype level. The best fitting genotype fitness values in the NC and NY populations are significantly more likely to have negative inter-sexual correlations than randomly chosen parameterizations (P = 4.07 × 10 −6 for NC and 3.53 × 10 −3 for NY using Fisher's exact test), and the median intersexual correlation is lower (i.e., more negative) for the NC and NY populations than the random parameterizations (Figure 3 Fitness values were either assigned to each multilocus genotype (top), or selection coefficients were assigned to individual alleles and used to determine the multilocus genotype fitness (bottom). Significant differences between the medians in each population and the random fitness values are indicated by asterisks (**P < 0.005, *****P < 0.000005). polymorphisms, but intersexual conflict is not necessary because many good fitting parameterizations have intersexual correlations >0 (Figure 3 ). However, when we considered multilocus genotype fitness values that were determined by additive interactions of selection coefficients assigned to individual alleles, the intersexual correlations were almost all negative and significantly less than the random expectation ( Figure 3 ).
Discussion
Polygenic sex determination is expected to be an evolutionary transient state between single factor sex determination systems (Rice 1986; Moore and Roberts 2013) . However, we find that the frequencies of house fly M factors in Chino, CA were stable over 30 years, and there were no significant changes in either allele or genotype frequencies (Table 3, Supplementary Table 6 ), although the frequencies of X M versus Y M were not possible to compare. In addition, the low total counts of some genotypes limit our ability to detect more subtle changes in genotype frequencies. However, stability of the frequencies of sex determining loci over time is consistent with other studies that have found the frequency and linkage of M do not tend to change over time at specific geographic locations (McDonald et al. 1975; Feldmeyer et al. 2008; Hamm and Scott 2008; Kozielska et al. 2008) . We additionally find that the frequencies of multi-M males and females carrying Md-tra D are positively correlated (Figure 1 ), and the frequencies of M factors and the Md-tra D allele produce stable sex ratios in the Chino2014, FL, NC, and NY populations (Figure 2 ).
In the Chino 1982 and 2014 collections, M was most commonly found on a single canonical SC (probably Y, but possibly X) ( Table 3 ). The second most common male was homozygous M (SC M /SC M in 2014 and linkage not determined in 1982). There were some differences observed as well between 1982 and 2014. In 2014, 8% of the males were X/X;III/III M , yet no males of this genotype were detected in 1982. It seems likely that such males must have existed in the population in 1982 (given that X/SC M ;III/III M males were detected), but were rare, and thus not detected. In 1982, 7% of the males were heterozygous for at least 3 M factors. No such males were detected in 2014.
The presence of males with multiple M factors (found in the 1982 and 2014 Chino collections) predicts that Md-tra D will be found in this population to maintain equal numbers of males and females. We indeed found Md-tra D in the 2014 sample at a frequency that maintains a balanced sex ratio given the frequencies of SC M and III M chromosomes (Figure 2 ). The frequencies of Md-tra D alleles in the other populations we assayed were also predictive of the frequency of males with multiple M factors (Figure 1 ). For example, in FL where males lack multiple M factors, we did not detect any Md-tra D alleles. In NC, where multi-M males can be found at low frequencies, we detected Md-tra D in 13% of the females. These allele frequencies will produce equal sex ratios in a randomly mating population at Hardy-Weinberg equilibrium (Figure 2) .
Even though sex determining polymorphisms will be maintained in an infinite population, genetic drift will result in fixations in a finite population. If N e = 10 4 , these fixations are expected to happen on a historical time scale (Supplementary Figure 3) . We should also see random fluctuations of allele frequencies in natural populations even if population sizes were larger or the alleles do not go to fixation. However, we demonstrate that a diverse collection of genotype fitness combinations allow for the invasion of III M and Md-tra D , as well as the maintenance of the observed polymorphism (Supplementary Figure 8) . These estimated fixation times and selection coefficients assume a constant population size, which may not be realistic because populations can vary by season, decrease following use of insecticides and vary by number of livestock present (Keiding 1986 ). Because we lack accurate estimates of census or effective population sizes of house flies, we have chosen to perform all of our analyses across a wide range of constant population sizes. Future work incorporating temporally variable population sizes are likely to provide a more fine-grained picture of the selection pressures acting on the polygenic sex determination system in house fly.
The selection pressures we infer could act directly on phenotypic effects of the sex determining variants themselves or on genetic variation linked to sex determining loci (van Doorn 2014). The selection pressures result in slightly female-biased sex ratios ( Supplementary  Figures 5 and 7) . In comparison, polygenic equilibrium states for 2-locus models that consider either 2 male-determining chromosomes or 1 male-determiner and an Md-tra D allele can produce either female-or male-biased sex ratios depending on the specific model and parameterizations (Jayakar 1987) . Our results therefore suggest that the selection pressures required for the invasion and maintenance of a 3 locus sex determination system can have fundamentally different effects than those required to maintain a 2 SC system.
An excess of our best fitting multilocus genotype fitness values have negative intersexual correlations, suggestive of sexually antagonistic selection (Figure 3 ). The intersexual correlations are nearly all negative when genotype fitness is determined by additive interactions of individual alleles, but they are centered closer to 0 when we assign multilocus genotype values directly (Figure 3) . We hypothesize that complex epistatic interactions that are not driven by sexually antagonistic selection could maintain the polygenic sex determination system when multilocus genotype fitness values are each assigned individually and independently. However, our results suggest that when complex epistatic interactions are not possible (i.e., multilocus genotype fitness values are determined by additive interactions of selection coefficients assigned to each allele), intersexual conflict is necessary to maintain the polymorphism. We have previously shown that Y M and III M chromosomes have male-biased effects on gene expression , providing a biological context for sex-specific selection. Additional work is necessary, however, to further evaluate the role that intersexual conflict plays in the house fly polygenic sex determination system.
The stability of M factors within populations over time and the relative frequencies of M and Md-tra D within the Chino, FL, NC, and NY populations suggest that in nature the house fly polygenic sex determination system is at a stable equilibrium and not a transient state between 2 different monogenic sex determination mechanisms. However, if a field population is moved to the laboratory the frequencies of the M factors can change dramatically (Hamm and Scott 2008) , suggesting that ecological factors, such as temperature and humidity, affect the frequency of M . This is consistent with a model in which local adaptation of M variants or linked alleles maintains polygenic sex determination in house fly. Therefore, the fitness values that we estimated are likely limited to the specific population for which they are determined. Because we find that these selection pressures could be sexually antagonistic, our results support previous findings that intersexual conflict could be environmentally dependent (Vieira et al. 2000; Fricke et al. 2009; Delph et al. 2011; Arbuthnott et al. 2014) . Indeed, we find that the multilocus genotype fitness values that maintain polygenic sex determination in the Chino2014 population are unique from those that maintain the polymorphism in the NC and NY populations (Supplementary Figure 9) . Evaluating the frequencies of M and Md-tra D in the Chino2014 strain after it has been in the lab for a few years would provide the first empirical insight into the co-evolution of M and Md-tra D over time. Our understanding of the polygenic sex determination system in house flies has improved with the identification of Md-tra D (Hediger et al. 2010) . The recent sequencing of the genome opens new avenues for study and may lead to identification of M, a better understanding of the dynamics of M versus Md-tra D sex determination, and novel methods for control of this important pest. Clearly, house fly presents a unique organism in which changes in polygenic sex determination can be dissected and explored, which will lead us to a better understanding of the evolution of sex determination.
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